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Transactivation of the estrogen receptor 
promoter by BRCA1
William B. Archey1,2 and Bradley A. Arrick1,2* 
Abstract 
Background: Absence of the estrogen receptor-α (ER) is perhaps the most distinctive pathological feature of breast 
cancers arising in women who inherit a mutation in BRCA1. Two hypotheses, not necessarily mutually exclusive, exist 
in the literature that describe mechanisms of ER transcriptional repression in breast cancer. One hypothesis suggests 
that methylation of cytosine–guanine dinucleotides (CpGs) primarily mediates repression, while the other maintains 
that transcriptional control is mediated by certain positive and negative promoter elements.
Methods: To determine if wild type BRCA1 could induce activity of the ER promoter, we performed a series of tran-
sient transfections with ER promoter segments linked to a luciferase reporter. The effect of BRCA1 on endogenous ER 
expression was evaluated by RNA analysis.
Results: Following cotransfection with a BRCA1 expression plasmid, we observed that ER promoter-driven luciferase 
activity was significantly increased in both MCF10A and IMEC cells (p < 0.005 and 0.0005 respectively, two-tailed t 
test). Specifically, the full length ER promoter construct showed approximately 5.6-fold (MCF10A) and tenfold (IMEC) 
increases in luciferase activity following BRCA1 transfection, compared with transfection with an empty expression 
plasmid (i.e. lacking BRCA1 sequence). We localized the ER promoter segment responsible for transactivation by 
BRCA1 to a 109 bp region containing an AP2γ homologous site.
Conclusions: The work described here, along with previously published work, indicates that activity of certain tran-
scriptional regulatory elements and CpG methylation both represent important mechanisms by which the ER gene 
is typically inactive in breast cancers associated with BRCA1 mutations. The absence of ER in these breast cancers has 
significant implications for pathogenesis, prevention, and treatment.
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Background
One of the most distinctive biological features of breast 
cancers that arise in women who inherit an altered copy 
of the BRCA1 gene is a lack of expression of the ER [1–3]. 
The correlation between loss of BRCA1 and the ER-neg-
ative phenotype extends to sporadic (i.e. non-inherited) 
breast cancers as well [4–6]. Considering the importance 
of estrogen-based signaling in the genesis and progres-
sion of breast cancer, this characteristic of BRCA1-linked 
breast cancers has important consequences for the 
treatment and prevention of these cancers. We have 
therefore endeavored to elucidate the molecular basis 
of the ER-negative phenotype in breast cancers lacking 
BRCA1. Two non mutually exclusive mechanisms have 
been proposed to account for the lack of ER expression 
in some sporadic breast cancers, one epigenetic and the 
other transcriptional. Epigenetic silencing of ER expres-
sion by cytosine methylation within the CpG island 
associated with the 5′ region of the gene has been well 
documented in both cell lines and tumor tissue [7–9]. 
We have reported that CpG methylation of the ER gene 
is more extensive in ER-negative BRCA1-linked breast 
cancers compared with ER-negative breast cancers not 
linked to germline mutations in BRCA1 [10].
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Expression of the ER can also be regulated at the tran-
scriptional level, by the availability and activity of DNA-
binding proteins that interact with portions of the ER 
promoter in a sequence-specific manner. The upstream 
promoter region of the ER has been reported to mediate 
transcription initiation from two alternative promoters, 
a proximal promoter termed P1 and a distal promoter 
called P0, yielding similarly sized mRNA transcripts 
with slightly different 5′ untranslated regions but identi-
cal coding regions. Analysis of ER-positive breast cancer 
cell lines and primary tumors indicates that the P1 pro-
moter is the predominant site for initiation of transcrip-
tion, but that the upstream P0 promoter may be active as 
well in some settings [11, 12]. Five groups have charac-
terized distinct functional promoter elements, extend-
ing to ~4  kb upstream of P1. The most downstream of 
the elements, located within the 5′ noncoding region 
just upstream of the ATG start codon, is a positive ele-
ment termed ERF-1 that binds the transcription factor 
AP2γ [13, 14]. Midway between P1 and P0 is another 
positive regulatory element, termed ERUBF-1, that func-
tions as a transcriptional enhancer element in MCF-7 
cells [15]. Hayashi et  al. [12] have provided the clearest 
evidence that the upstream P0 promoter is also utilized 
in ER-positive breast cancers. They have described a 
transcriptional enhancer element in close proximity to 
this promoter that significantly augments transcription 
from P0-based promoter constructs in MCF-7 cells [16]. 
Furthermore, ER-positive cell lines that utilize P0 were 
shown to contain nuclear factors that specifically bind to 
this sequence, termed ERBF-1. A negative cis element, 
located ~3.2 kb upstream of P1, was identified via a strat-
egy of transfecting cells with decoy fragments of dsDNA 
corresponding to segments of promoter sequence. Using 
this approach, Penolazzi et  al. [17] reported that intro-
duction of multiple copies of decoy dsDNA correspond-
ing to a putative 102 bp negative element into MCF-7 or 
MDA-231 cells increased or reactivated ER expression, 
respectively. By RT-PCR, they showed that ER mRNA 
transcripts corresponding to the P0 promoter were the 
predominantly induced species, with undetectable lev-
els of P1-derived ER mRNA. Finally, the most upstream 
positive enhancer element, termed ER-EH0 was mapped 
to a 35  bp segment beginning at −3744, relative to P1. 
Multiple DNA–protein complexes were demonstrated 
with this sequence, one of which included AP-1 [18]. The 
positions of these five regulatory elements, relative to the 
transcription start sites, are illustrated in Fig. 1.
We investigated transactivation of the ER promoter 
region by BRCA1 in two nontumorigenic mammary epi-
thelial cell lines, MCF10A and IMEC. A series of ER pro-
moter constructs were prepared and cotransfected with a 
BRCA1 expression plasmid. Here, we report that BRCA1 
is able to transactivate the ER promoter in both MCF10A 
and IMEC cells and that a region of the ER promoter cor-
responding to a 109 bp segment located just upstream of 
the ERF-1 site is required for transcriptional activation by 
BRCA1. This region contains two binding sites for mem-
bers of the AP2 family of transcription factors. Whether 
BRCA1′s effect is mediated through these elements, or 
via a putative BRCA1 response element, is the subject of 
on-going investigation.
Methods
Cell culture
MCF10A cells were obtained from the American Type 
Culture Collection (Manassas, VA). IMEC cells were 
kindly provided by Dr. James DiRenzo in the Depart-
ment of Pharmacology and Toxicology at Dartmouth 
Medical School. Cells were cultured in DMEM:Ham’s 
F-12 medium, supplemented with 100  IU/ml of penicil-
lin, 125 μg/ml of streptomycin, 2 mM l-glutamine, 10% 
fetal bovine serum, 20 ng/ml of epidermal growth factor, 
0.5 μg/ml of hydrocortisone and 8 μg/ml of insulin.
ER promoter constructs
ER promoter constructs were developed to facilitate 
localization of transcriptional control elements. They 
were generated from the previously published ER−3500-
210Luc expression plasmid kindly provided by Weigel 
[13] (Department of Surgery, Stanford University). This 
construct includes a luciferase reporter (pGL2 Basic, Pro-
mega, Madison, WI) driven by ER promoter sequence 
from −3794 to +210 nucleotides relative to the first 
nucleotide of P1 [13]. In order to include the ER-EHO 
element documented by Tang et al. [18], we incorporated 
an additional 313  bp upstream fragment. Thus, the full 
length ER promoter construct, ER−3813-210Luc, now 
P 0 P1 
a b c d e 
Fig. 1 Topology of the ER promoter. The relative positions of the transcription initiation sites P1 and P0, as well as the documented regulatory ele-
ments are illustrated. The regulatory sites are indicated as follows: (a) ER-EH0 [18], (b) a negative regulatory element [17], (c) ERBF-1 [16], (d) ERUBF-1 
[15], and (e) ERF-1 [13]
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included 4023  bp of promoter sequence, properly posi-
tioned within the pGL2 Basic luciferase reporter.
5′ Deletion constructs of ER−3813-210Luc were made 
using two approaches. The first approach used combi-
nation endonuclease digestions with NheI, located in 
the upstream subcloning site of pGL2 Basic, along with 
either AvrII, PstI, EcoRI, or NdeI. Plasmid fragment 
ends were blunted with Klenow fragment, and reactions 
were diluted out tenfold in order to favor intramolecu-
lar reactions before religation using T4 DNA ligase. The 
5′ deletion constructs created from ER−3813-210Luc in 
this manner were as follows: ER−2641-210Luc (AvrII), 
ER−1231-210Luc (PstI), ER−743-210Luc (EcoRI) and 
ER−42-210Luc (NdeI).
Because we could not find additional unique restriction 
sites within ER−42-210Luc, we used a second approach 
to produce further promoter deletion constructs. Unidi-
rectional deletions of ER−42-210Luc were made by tak-
ing advantage of the unique property of ExoIII nuclease 
to efficiently digest 5′ overhangs, while leaving 3′ over-
hangs undigested. In brief, 2.5 μg of KpnI-MluI digested 
ER−42-210Luc DNA was subjected to digestion with 
150 U of ExoIII at 15 °C. Aliquots of 3 μl (~300 ng DNA) 
were removed from the ExoIII digestion reaction at four 
time intervals (1, 20, 40, and 60  s), and placed directly 
into 16.5 μl of H2O preheated to 75 °C. Permanent inac-
tivation of ExoIII was effected by a 20  min incubation 
at 75  °C. Cleavage of the 5′ overhangs created by ExoIII 
digestion was effected by the addition of 4 U of S1 nucle-
ase and incubation at room temperature for 20 min. The 
S1 nuclease reaction was halted by the addition of 5  μl 
of STOP buffer (800  mM Tris, 20  mM EDTA, 80  mM 
MgCl2, pH 8.0). Two units of Klenow fragment and 
10 μM dNTPs were then added to blunt the 3′-overhangs, 
followed by plasmid ligation with T4 DNA ligase. Plas-
mid DNA from transformed bacteria (DH5α cells) was 
sequenced to confirm isolation of the deletion constructs 
of interest. The following promoter deletion constructs 
were generated using this method: ER−24-210Luc, ER14-
210Luc, ER62-210Luc, and ER171-210Luc. All promoter 
constructs were sequenced.
Transfections and luciferase assays
Luciferase experiments involved cotransfection of cells 
with either a BRCA1 expression plasmid or empty vec-
tor (pRK7, Genentech, S. San Francisco, CA), along 
with one of the ER promoter constructs. The BRCA1 
expression plasmid was prepared by subcloning the 
full length BRCA1 cDNA into a pRK7 backbone previ-
ously described [19]. Cotransfection of either BRCA1 
or pRK7, along with the empty pGL2 Basic vector was 
also included in each experiment. Three microliters of 
FuGENE 6 Transfection Reagent (Roche, Indianapolis, 
IN) was combined with 1.5 μg total DNA for incubation 
with adherent cells in a 9.6 cm2 plate. The ratio of lucif-
erase reporter to expression plasmid DNA was 1:4. Cells 
were 45–55% confluent at transfection and 80–90% con-
fluent at time of harvest. Cell media was changed at 24 h, 
and cells were harvested after 48 h.
Transfected cells were harvested on ice with lysis buffer 
(25 mM glycylglycine, 4 mM EGTA, 15 mM MgSO4, 1% 
Triton-X, and 0.1  mM DTT, pH 7.8), which was added 
directly to the cell culture dish following media aspira-
tion and 2 washes with cold phosphate-buffered saline 
(PBS). Dishes were subsequently scraped and lysates 
transferred to pre-chilled tubes. Cell lysates were centri-
fuged at 9000g and supernatants were stored at −80  °C 
until analysis. In a 96-well plate, 40 μl of each lysate was 
analyzed for luciferase activity in the presence of 145 μl of 
assay buffer (25 mM glycylglycine, 15 mM KPO4, 15 mM 
MgSO4, 4 mM EGTA, 25 mM ATP, and 1 mM DTT, pH 
7.8), following addition of 40 μl luciferin reagent (400 μM 
luciferin, 25 mM glycylglycine). Each lysate was also eval-
uated for protein levels, in triplicate, using the BCA Pro-
tein Assay (Pierce, Rockford, IL). Luciferase/protein for 
cells transfected with each ER promoter construct, and 
either BRCA1 or pRK7, were normalized with lysate from 
cells transfected with the empty pGL2 Basic vector.
RT‑PCR
Cell line RNA was isolated by first treating adherent cells 
with 5.7  ml of TRIzol Reagent (Invitrogen, Carlsbad, 
CA), and then scraping the solublized cell debris from a 
10  cm2 dish. TRIzol-treated cell solution was incubated 
for 15  min at room temperature, and then treated with 
1.4 ml of chloroform. After vigorous agitation, the chlo-
roform-TRIzol solution was centrifuged and the aqueous 
phase transferred to a tube containing 2.85  ml of iso-
propanol. The sample was then mixed and incubated at 
room temperature for 10  min. Following centrifugation 
the RNA pellet was washed with 70% ethanol and dried 
under vacuum. The RNA pellet was then reconstituted 
in H2O previously treated with diethyl pyrocarbonate, a 
potent inactivator of RNase.
Using 2  μg of RNA as template, each reverse tran-
scriptase (RT) reaction included 1× AMV buffer 
(Roche, Indianapolis, IN), 50  μg/ml BSA (NE Biolabs, 
Beverly, MA), 0.4  μM random hexamers (Perkin Elmer 
Corp., Foster City, CA), 200  μM each dNTP, 0.39 U/
μl RNase inhibitor (Promega, Madison, WI), and 400 U 
MMLV RT (Gibco, Gaithersburg, MD). Reactions were 
incubated at 37  °C for 2  h, followed by heat inactiva-
tion of the RT at 75  °C for 5 min. To confirm the pres-
ence of equal amounts of cDNA among the RNA 
samples, PCR amplification of human β-actin was used 
as an initial control reaction. The β-actin primers were 
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as follows: 5′-GGGACCTGACCGACTACCTC-3′ and 
5′-GGGCGATGATCTTGATCTTC-3′.
β-actin PCR reactions included 1/10 of the RT reaction 
as template, along with 1× PCR buffer (Gibco, Gaithers-
burg, MD), 2.5 mM MgCl2, 200 μM each dNTP, 125 ng 
each primer, and 1.5 U Taq Platinum. The reaction condi-
tions consisted of initial denaturation at 95 °C for 5 min, 
followed by 18 cycles of 94  °C for 30  s, 52  °C for 30  s, 
and 72  °C for 30  s. The PCR profile ended with a final 
extension phase of 72  °C for 10 min. β-actin PCR prod-
ucts were then run out on a TBE-agarose gel to confirm 
approximately equal loading of RNA templates among 
sample reactions.
ER PCR was performed with the following primers: 
5′-CTATATGTGTCCAGCCACCAACC-3′ and 5′-CTC 
TACACATTTTCCCTGGTTCCT-3′. The upper primer 
corresponded to sequence in exon 3 of ER, while the 
lower primer corresponded to sequence in exon 6 [17]. 
Therefore, these primers were specific for cDNA ampli-
fied from RNA during the RT reaction. Using 1/10 of the 
RT reaction as template, each ER PCR mixture included 
1× PCR buffer, 1.5  mM MgCl2, 200  μM each dNTP, 
0.5 μM each primer, and 1.5 U Taq Platinum. The reac-
tion conditions consisted of initial denaturation at 95 °C 
for 5 min, followed by 38 cycles of 94 °C for 1 min, 57 °C 
for 1  min, and 72  °C for 1  min. The PCR profile ended 
with a final extension phase of 72 °C for 10 min. ER PCR 
products were then run out on a TBE-agarose gel to con-
firm the presence or absence of product.
Statistical analysis
Significance of luciferase activity among BRCA1- and 
pRK7-transfected cells in Figs. 2, 3, and 4 was calculated 
using a two-tailed student t test. Normalized luciferase 
activity in BRCA1 transfections and pRK7 transfec-
tions were paired for each experiment. Among the ER 
luciferase constructs, the mean induction by BRCA1 on 
luciferase activity was analyzed for significance using an 
unpaired ANOVA analysis.
Results
To focus our examination of transactivation of the ER 
promoter by BRCA1 in a cell type relevant to its role as 
a tumor suppressor gene in breast cancer, we performed 
all experiments with two human nontumorigenic mam-
mary epithelial cell lines. The MCF10A cell line was 
used for the majority of the experiments because of its 
ease of transfection (consistently >50%), low endog-
enous level of wild type BRCA1 expression, and a wild 
type p53 status [20, 21]. In parallel, transactivation of 
the ER promoter was examined using an immortal-
ized nontumorigenic mammary epithelial cell line with 
wild type BRCA1, IMEC. IMEC cells were generated 
by introduction of a recombinant retrovirus expressing 
the catalytic subunit of human telomerase into primary 
human mammary epithelial cells [22]. Our initial experi-
ments tested the hypothesis that BRCA1 could trans-
activate the ER promoter. To test this hypothesis, we 
extended a previously described ER promoter-luciferase 
Fig. 2 Transcriptional activation of the ER promoter by BRCA1. Promoter activity for a series of ER promoter constructs with progressive 5′ deletions 
designed to sequentially remove the established regulatory sites. Fold induction in luciferase activity (x axis) is shown for each of the ER promoter 
constructs following transfection with either a BRCA1 expression plasmid (filled bars) or the empty pRK7 vector (open bars). The fold induction in 
luciferase activity is the number of photon units per unit time of data capture (RLU) divided by protein, normalized by the corresponding value from 
cells transfected with the empty pGL2 Basic vector. RLU/protein values from the empty pGL2 Basic vector ranged from ~35 to ~400, while those 
from the ER promoter constructs were >1500. Data shown represents the average of up to 7 experiments, with luciferase and protein measure-
ments performed in triplicate for each experiment
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construct, ER−3500-210Luc [13], to include 3813 nucleo-
tides upstream of P1. As shown in Fig. 1, this construct 
included all five of the documented transcriptional reg-
ulatory elements in the ER promoter region. This full 
length construct, labeled ER−3813-210Luc, was cotrans-
fected along with a BRCA1 expression plasmid, or the 
empty expression vector pRK7. Figure 2 shows the lucif-
erase activity for ER−3813-210Luc in MCF10A cells, 
demonstrating a significant augmentation (p < 0.005) in 
ER promoter transactivation when cotransfected with 
the BRCA1 expression plasmid. We observed a 50-fold 
increase over the empty luciferase vector when cotrans-
fected with BRCA1, as compared with a ninefold increase 
when cotransfected with the empty expression plasmid, 
pRK7. It is possible that the observed luciferase activity 
from the ER promoter constructs when cotransfected 
with the pRK7 plasmid was due to the effect of endog-
enous BRCA1. IMEC cells also exhibited a significant 
transactivation of the full-length promoter construct, 
with a 29.4-fold and 3.3-fold increase when co-trans-
fected with the BRCA1 and pRK7 expression plasmids, 
respectively (p < 0.0005).
Having observed transactivation of our full length ER 
promoter construct by BRCA1 in two ER-negative cell 
lines, we proceeded to test a series of deletion constructs 
designed to sequentially remove the five documented 
transcriptional regulatory sites shown in Fig.  1. These 
deletion constructs, depicted in the left-hand portion of 
Fig. 2, were cotransfected with either BRCA1 or pRK7, as 
before. The normalized luciferase values are shown in the 
right-hand portion of Fig.  2. Although there was some 
variation in the magnitude of induction of luciferase 
activity by BRCA1, when compared with the induction 
seen with the empty pRK7 plasmid there were no signifi-
cant differences between the constructs (p > 0.9 for both 
MCF10A and IMEC cells). These data suggested that the 
segment of the ER promoter which mediates transactiva-
tion by BRCA1 was contained within the region extend-
ing from 42 bp upstream to 210 bp downstream of the P1 
transcriptional start site.
In order to localize more precisely the segment of 
promoter sequence in proximity to P1 responsible for 
BRCA1 transactivation, we prepared additional dele-
tion constructs by limited ExoIII nuclease digestion of 
the ER−42-210Luc construct. These constructs and their 
promoter activity following cotransfection with either 
BRCA1 or pRK7 in MCF10A cells are shown in Fig.  3. 
Induction of promoter activity by BRCA1 was not sig-
nificantly diminished by removal of up to 103 nucleo-
tides from the 5′ end of the ER−42-210Luc construct 
(p  >  0.8 for the series ER−42-210Luc, ER−24-210Luc, 
ER14-210Luc, and ER62-201Luc). However, as indicated 
in Fig. 3, the ER171-210Luc construct did not show any 
induction of luciferase activity upon transfection with 
either BRCA1 or pRK7. The fold inductions obtained 
with co-transfection of the BRCA1 expression plas-
mid for the entire ER promoter deletion series in both 
MCF10A and IMEC cells is illustrated in Fig.  4. These 
data clearly indicate that the specific region of the ER 
promoter mediating transactivation by BRCA1 is located 
between 62 and 171 bp downstream of the P1 transcrip-
tional start site.
Fig. 3 Transcriptional activation by BRCA1 with a series of ExoIII-generated ER promoter luciferase constructs. Luciferase activity for ExoIII-generated 
ER promoter constructs in MCF10A cells. Fold induction in luciferase activity (x axis) is shown for ER promoter constructs following co-transfection 
with either a BRCA1 expression plasmid (filled bars) or the empty pRK7 vector (open bars). Fold induction values were calculated as in Fig. 2. Data 
shown represents the average of 2–7 experiments, with luciferase and protein measurements performed in triplicate for each experiment
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To determine if the induction of ER promoter activ-
ity by BRCA1 was seen at the level of the endogenous 
gene (i.e. at the mRNA level), we performed RT-PCR 
on extracts isolated following transfection with BRCA1 
or pRK7. Figure  5 indicates that ER mRNA is barely 
detectable in pRK7-transfected mRNA, as would be 
expected in ER-negative cell lines. Following transfection 
with BRCA1, MCF10A cells showed an increased level 
of ER mRNA, suggesting that the endogenous ER pro-
moter was transactivated. Preparation of mRNA from an 
Fig. 4 Localization of the segment of ER promoter mediating transactivation by BRCA1. Mean fold induction in luciferase activity (y axis) by BRCA1 
in MCF10A cells (top panel) and IMEC cells (bottom panel) is indicated for all ER promoter constructs (x axis), calculated as the ratio of promoter activ-
ity when co-transfected with BRCA1, divided by promoter activity measured with co-transfection of pRK7. Standard error of the mean is indicated
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untransfected ER-positive cell line, MCF7, was used as a 
control. Figure 5 illustrates that although BRCA1 induces 
the production of ER mRNA in MCF10A cells, the lev-
els are still much lower than in an ER-positive cell line. 
Induction of ER mRNA by BRCA1 was not detectable 
in IMEC cells (not shown). This was contrary to expec-
tation considering that our previous luciferase results 
showed BRCA1 could transactivate ER promoter activity 
in both MCF10A and IMEC cells, and may be a function 
of epigenetic silencing of the endogenous ER promoter in 
IMEC cells.
Discussion
Investigators have reported that ER transcriptional regu-
lation is at least in part influenced by the activity of cer-
tain cis- and trans-acting factors in breast cancer cell 
lines [13–18]. Inherited primary breast cancers that are 
characterized by a mutation in the tumor suppressor 
gene, BRCA1, do not express ER in two-thirds to 90% 
of patients [1–3]. Therefore, we wanted to determine if 
ectopic levels of BRCA1 could influence the activity of 
the ER promoter, potentially through the regulation of 
these transcriptional sites. The data indicated that in fact 
BRCA1 could transactivate an ER promoter-containing 
construct driving luciferase expression in two nontumo-
rigenic, ER-negative, cell lines.
The 109  bp portion of P1 found to mediate BRCA1 
transactivation of ER did not correspond to any of the 
documented transcriptional sites in the ER gene. This 
109 bp segment was located just upstream of the ERF-1 
site first described by DeConinck et al. [13], and included 
a nearby site homologous to ERF-1 previously shown to 
bind with less affinity to AP2γ. This homologous ERF-1 
site is located between positions 130 and 149. Follow-
ing a search of a transcription factor data base (Transfac: 
Transcription Factor Database, http://transfac.gbf.de/
TRANSFAC/) with the sequence of the 109 bp P1 region 
transactivated by BRCA1, we noted an additional AP2 
site present at position 64–75. Not identified were any 
of the DNA-binding sequences for BRCA1 reported by 
Cable et  al. [23], or an Oct-1 binding site implicated by 
Hosey et al. [24] as important to BRCA1’s impact on ER 
expression.
Induction of the ER endogenous gene by BRCA1 was 
evident in MCF10A cells, as shown in Fig. 5. This obser-
vation is consistent with the report of Hosey et  al. [24] 
that expression of wild type BRCA1 in a BRCA1-mutated 
and ER-negative breast cancer cell line (HCC1937) 
resulted in detectable ER mRNA levels. Of note, transient 
transfection of BRCA1 in MCF10A cells was not suffi-
cient to induce ER mRNA to the level of an ER-positive 
cell line.
Conclusion
The role of BRCA1 in the transcriptional regulation of ER 
is a critical question in breast cancer research, with impli-
cations for both prevention and treatment. The work pre-
sented here demonstrates the importance of a CpG-rich 
109 bp segment in the transactivation of the ER promoter 
by BRCA1 in two transformed non-tumorigenic human 
mammary epithelial cell lines. Our observations with 
IMEC cells suggest that methylation within this region 
may constitute an important mechanism of epigenetic 
control that affects the ability of BRCA1 to induce the 
endogeneous ER gene’s promoter activity. If true, we 
would predict that the addition of a demethylating agent 
such as azacytidine would allow for detectable activation 
of the endogenous gene by BRCA1. A notable limitation 
to this work is that transformed cell lines with wild type 
BRCA1 were studied, and not primary cells or BRCA1-
null cell lines. Use of cells completely lacking endogenous 
BRCA1 would facilitate experiments correlating this 
effect of BRCA1 with its disease-causing mutations, thus 
linking our observations with critical aspects of patho-
genesis of breast cancer in BRCA1 mutation carriers.
Abbreviations
ER: estrogen receptor-α; CpGs: cytosine–guanine dinucleotides; RT: reverse 
transcriptase.
Authors’ contributions
WBA carried out the assays and primary data analyses, and drafted the manu-
script; BAA obtained funding, conceived of the study, and participated in its 
design and drafting of the manuscript. Both authors read and approved the 
final manuscript.
Fig. 5 Expression of ER mRNA following transfection with BRCA1 
or pRK7. Cells were harvested 48 h after transfection and mRNA 
for RT-PCR analysis were prepared. PCR products from the RT-PCR 
analysis were run on an agarose gel for analysis of ER mRNA, with the 
products appearing at the expected size of 603 bp (arrow). Reverse 
transcriptase (RT) reactions were performed with or without RT to 
control for contamination, and mRNA prepared from untransfected 
MCF7 cells serving as positive control
Page 8 of 8Archey and Arrick  Cancer Cell Int  (2017) 17:33 
Author details
1 Norris Cotton Cancer Center, 1 Medical Center Drive, Lebanon, NH 03755, 
USA. 2 Department of Medicine, Dartmouth Medical School, Hanover, NH 
03755, USA. 
Acknowledgements
We acknowledge the assistance provided by the other members of the 
laboratory, especially Karen Douville. We also thank Dr. James DiRenzo in the 
Department of Pharmacology and Toxicology at Dartmouth Medical School, 
who provided the IMEC cells.
Competing interests
The authors declare that they have no competing interests.
Availability of data and materials
Data sharing not applicable to this article as no datasets were generated or 
analysed during the current study.
Funding
This work was supported in part by a grant from the National Cancer Institute 
(R01-CA77772).
Received: 17 November 2016   Accepted: 9 February 2017
References
 1. Loman N, Johannsson O, Bendahl PO, Borg Å, Fernö M, Olsson H. 
Steroid receptors in hereditary breast carcinomas associated with 
BRCA1 or BRCA2 mutations or unknown susceptibility genes. Cancer. 
1998;83:310–9.
 2. Jóhannsson O, Idvall I, Anderson C, Borg Å, Barkardóttir RB, Egilsson V, 
et al. Tumour biological features of BRCA1-induced breast and ovarian 
cancer. Eur J Cancer. 1997;33:362–71.
 3. Karp SE, Tonin PN, Bégin LR, Martinez JJ, Zhang JC, Pollak MN, et al. Influ-
ence of BRCA1 mutations on nuclear grade and estrogen receptor status 
of breast carcinoma in Ashkenazi Jewish women. Cancer. 1997;80:435–41.
 4. Sourvinos G, Spandidos DA. Decreased BRCA1 expression levels may 
arrest the cell cycle through activation of p53 checkpoint in human 
sporadic breast tumors. Biochem Biophys Res Commun. 1998;245:75–80.
 5. Catteau A, Harris WH, Xu CF, Solomon E. Methylation of the BRCA1 
promoter region in sporadic breast and ovarian cancer: correlation with 
disease characteristics. Oncogene. 1999;18:1957–65.
 6. Lee WY, Jin YT, Chang TW, Lin PW, Su IJ. Immunolocalization of BRCA1 
protein in normal breast tissue and sporadic invasive ductal carcino-
mas: a correlation with other biological parameters. Histopathology. 
1999;34:106–12.
 7. Ferguson AT, Lapidus RG, Baylin SB, Davidson NE. Demethylation of the 
estrogen receptor gene in estrogen receptor-negative breast cancer 
cells can reactivate estrogen receptor gene expression. Cancer Res. 
1995;55:2279–83.
 8. Lapidus RG, Ferguson AT, Ottaviano YL, Parl FF, Smith HS, Weitzman SA, 
et al. Methylation of estrogen and progesterone receptor gene 5′ CpG 
islands correlates with lack of estrogen and progesterone receptor gene 
expression in breast tumors. Clin Cancer Res. 1996;2:805–10.
 9. Ottaviano YL, Issa JP, Parl FF, Smith HS, Baylin SB, Davidson NE. Methyla-
tion of the estrogen receptor gene CpG island marks loss of estro-
gen receptor expression in human breast cancer cells. Cancer Res. 
1994;54:2552–5.
 10. Archey WB, McEachern KA, Robson M, Offit K, Vaziri SAJ, Casey G, 
et al. Increased CpG methylation of the estrogen receptor gene in 
BRCA1-linked estrogen receptor-negative breast cancers. Oncogene. 
2002;21:7034–41.
 11. Weigel RJ, Crooks DL, Iglehart JD, DeConinck EC. Quantitative analysis of 
the transcriptional start sites of estrogen receptor in breast cancer. Cell 
Growth Differ. 1995;6:707–11.
 12. Hayashi S-I, Imai K, Suga K, Kurihara T, Higashi Y, Nakachi K. Two promot-
ers in expression of estrogen receptor messenger RNA in human breast 
cancer. Carcinogenesis. 1997;18:459–64.
 13. DeConinck EC, McPherson LA, Weigel RJ. Transcriptional regulation of 
estrogen receptor in breast carcinomas. Mol Cell Biol. 1995;15:2191–6.
 14. McPherson LA, Baichwal VR, Weigel RJ. Identification of ERF-1 as a 
member of the AP-2 transcription factor family. Proc Natl Acad Sci USA. 
1997;94:4342–7.
 15. Cohn CS, Sullivan JA, Kiefer T, Hill SM. Identification of an enhancer 
element in the estrogen receptor upstream region: implications for 
regulation of ER transcription in breast cancer. Mol Cell Endocrinol. 
1999;158:25–36.
 16. Tanimoto K, Eguchi H, Yoshida T, Hajiro-Nakanishi K, Hayashi S-I. Regula-
tion of estrogen receptor alpha gene mediated by promoter B responsi-
ble for its enhanced expression in human breast cancer. Nucl Acids Res. 
1999;27:903–9.
 17. Penolazzi L, Lambertini E, Aguiari G, Del Senno L, Piva R. Cis element 
‘decoy’ against the upstream promoter of the human estrogen receptor 
gene. Biochim Biophys Acta Gene Struct Expr. 2000;1492:560–7.
 18. Tang Z, Treilleux I, Brown M. A transcriptional enhancer required for the 
differential expression of the human estrogen receptor in breast cancers. 
Mol Cell Biol. 1997;17:1274–80.
 19. Lu ML, Conzen SD, Cole CN, Arrick BA. Characterization of functional 
messenger RNA splice variants of BRCA1 expressed in nonmalignant and 
tumor-derived breast cells. Cancer Res. 1996;56:4578–81.
 20. Lu ML, Arrick BA. Transactivation of the p21 promoter by BRCA1 
splice variants in mammary epithelial cells: evidence for both com-
mon and distinct activities of wildtype and mutant forms. Oncogene. 
2000;19:6351–60.
 21. Soule HD, Maloney TM, Wolman SR, Peterson WD Jr, Brenz R, McGrath 
CM, et al. Isolation and characterization of a spontaneously immortalized 
human breast epithelial cell line, MCF-10. Cancer Res. 1990;50:6075–86.
 22. DiRenzo J, Signoretti S, Nakamura N, Rivera-Gonzalez R, Sellers W, Loda M, 
et al. Growth factor requirements and basal phenotype of an immortal-
ized mammary epithelial cell line. Cancer Res. 2002;62:89–98.
 23. Cable PL, Wilson CA, Calzone FJ, Rauscher FJ III, Scully R, Livingston DM, 
et al. Novel consensus DNA-binding sequence for BRCA1 protein com-
plexes. Mol Carcinog. 2003;38:85–96.
 24. Hosey AM, Gorski JJ, Murray MM, Quinn JE, Chung WY, Stewart GE, et al. 
Molecular basis for estrogen receptor α deficiency in BRCA1-linked breast 
cancer. J Natl Cancer Inst. 2007;99:1683–4.
